Abstract This paper applies city-specific mortality relationships for extremely hot and cold temperatures for 33 Metropolitan Statistical Areas in the United States to develop mortality projections for historical and potential future climates. These projections, which cover roughly 100 million of 310 million U.S. residents in 2010, highlight a potential change in health risks from uncontrolled climate change and the potential benefits of a greenhouse gas (GHG) mitigation policy. Our analysis reveals that projected mortality from extremely hot and cold days combined increases significantly over the 21st century because of the overwhelming increase in extremely hot days. We also find that the evaluated GHG mitigation policy could substantially reduce this risk. These results become more pronounced when accounting for projected population changes. These results challenge arguments that there could be a mortality benefit attributable to changes in extreme temperatures from future warming. This finding of a net increase in mortality also holds in an analog city sensitivity analysis that incorporates a strong adaptation assumption. While our results do not address all sources of uncertainty, their scale and scope highlight one component of the potential health risks of unmitigated climate change impacts on extreme temperatures and draw attention to the need to continue to refine analytical tools and methods for this type of analysis.
finding of a net increase in mortality also holds in an analog city sensitivity analysis that incorporates a strong adaptation assumption. While our results do not address all sources of uncertainty, their scale and scope highlight one component of the potential health risks of unmitigated climate change impacts on extreme temperatures and draw attention to the need to continue to refine analytical tools and methods for this type of analysis.
Introduction
Climate change assessments consistently project increases in extremely hot days and decreases in extremely cold days (Karl et al. 2009; Meehl et al. 2009; IPCC 2011) . The public health risks of extreme temperature days have long been recognized and, tragically, repeatedly demonstrated. As such, the future risk of climate-driven changes in the number and intensity of these days has been a topic of focused research for more than a decade (e.g., Kalkstein and Greene 1997; McGeehin and Mirabelli 2001; Basu and Samet 2002; Medina-Ramon and Schwartz 2007; Kinney et al. 2008; Bell 2009, 2011; Huang et al. 2011; Sheridan et al. 2012; Zanobetti et al. 2012) .
Quantitative results from this research are difficult to compare. Differences in extreme temperature definitions, analytical methods, time periods, affected populations, climate projections, and adaptation assumptions, among other items, underlie this difficulty. Despite these differences, these forward-looking studies have generally concluded that climate change will increase the health risks and mortality impacts associated with extreme temperatures in future climates.
This study's goal is to expand this earlier work. Specifically, we apply peer-reviewed, cityspecific extreme temperature-mortality relationships to project the mortality risk from changes in the number of future extremely hot and cold days. A focus of this analysis is to examine the net impact of climate change considering the combined impact on mortality from extremely hot and extremely cold days. Because we evaluate scenarios with and without greenhouse gas (GHG) emissions controls, we are able to quantify the potential benefits of such controls. Similarly, we evaluate scenarios with and without site-specific projected population changes. Finally, we evaluate one potential future extreme temperature adaptation assumption with an analog city approach.
Data and methods

Daily mortality response to extreme temperatures
We incorporate the criteria for extremely hot and cold days and the city-specific mortality results from Medina-Ramon and Schwartz (2007) . Specifically, Medina-Ramon and Schwartz (2007) calculated the daily mortality impact for combinations of extremely cold and hot days in 50 cities using local mortality and weather data from 1989 to 2000.
1 In their study, extreme temperature days were identified using the following criteria:
& Extremely hot day: a day from May to September with a daily minimum temperature greater than or equal to the 99th percentile value from that location's distribution and where this threshold value is greater than 20°C (68°F).
& Extremely cold day: a day from November to March with a daily maximum temperature less than or equal to the 1st percentile value from that location's distribution and where this threshold value is less than 10°C (50°F).
To address the net mortality impact of projected changes in extreme temperature days, we restricted consideration to only cities with results for both extremely hot and cold days. Online Resource 1 presents the 33 cities from the Medina-Ramon and Schwartz (2007) evaluation that satisfied this criterion. Figure 1 presents the threshold temperatures and the associated percentage increase in daily mortality for each of these 33 cities for extremely hot and cold days respectively.
Using this city-specific information, we calculated deaths attributable to extremely hot temperatures within the city during a projected hot season using Eq. 1. Then we calculated deaths attributable to extremely cold temperatures using Eq. 1. Total mortality was calculated as the sum of deaths from hot and cold temperatures:
Extreme temperature mortality ¼ percentage change in daily mortality for an extreme temperature day Â average deaths per day for the city Â number of extreme temperature days in season ð1Þ
We used the Benefits Mapping and Analysis Program (BenMAP; U.S. EPA 2012) to develop estimates of the annual all-age mortality rate in the study cities. Use of the annual mortality rate was selected for consistency with the original study and then converted to a daily equivalent.
Climate model and emissions scenarios
Detailed descriptions of the emissions scenarios used in this analysis, along with a comparison to other emission scenarios (e.g., the Representative Concentration Pathways or RCPs) and (Paltsev et al. 2013 . Waldhoff et al. 2013 , both this issue). In short, two emission scenarios were developed using the Massachusetts Institute of Technology Integrated Global System Model (IGSM): a reference (REF) scenario with unconstrained emissions with total radiative forcing of 10 W/m 2 by 2100, and a stabilization scenario with a total radiative forcing of 3.7 W/m 2 by 2100 (POL3.7).
Using these scenarios, future climate projections for the U.S. were developed. The IGSM Community Atmospheric Model (CAM) framework links the IGSM to the National Center for Atmospheric Research CAM version 3. Because CAM is a threedimensional atmosphere model, the IGSM-CAM simulates not only changes in mean climate, but also simulates daily, annual, and decadal.
Climate conditions over time and projections of extremely hot and cold days
To evaluate the impact of climate change over time, we developed results centered on the following years: 2000, 2050, and 2100. Generally, we applied temperature anomalies derived from IGSM-CAM to a baseline period of observed daily minimum and maximum temperatures for weather station data for each city using the SimCLIM program (Warrick 2009; CLIMsystems 2010) . Data from weather stations originally used in Medina- Ramon and Schwartz (2007) were incorporated where possible. Otherwise, we relied on data from the closest station with a complete baseline record (defined below).
Specifically, we created data for daily temperatures in each city in steps. First, for each city, we averaged the daily minimum and, separately, the daily maximum temperature for each day in the period from 1980 to 2009 to create a calendar year of baseline temperature values. This was done using the SIMCLIM weather station data, and separately, the IGSM-CAM data for the REF emissions scenario, for the grid cell with the weather station. IGSM-CAM anomalies were then calculated for the REF and POL3.7 emissions scenario by subtracting the averaged IGSM-CAM baseline for a selected day from the temperature projection for that day in a future year. This day-specific temperature anomaly was then added to the observed baseline to create the projected day's value for the temperature measure in a given year for a specific emissions scenario.
This process produces projected daily minimum and maximum temperatures calibrated with the Medina-Ramon and Schwartz (2007) temperature measures. IGSM-CAM was developed, in part, to help simulate natural variability and expected changes in future climate variability to help better simulate potential future changes in extreme events. Because IGSM-CAM projections have significant interannual variability, this study examines three consecutive model years for each period analyzed: 1999-2001, 2049-2051, and 2099-2101 . The average projected number of extremely hot and cold days for each year in a series was then used as the input to Eq. 1.
City populations and projected population changes
BenMAP was used to estimate 2010 populations in the 33 cities evaluated in this study. According to these data, the cities account for approximately 101 million of the 309 million U.S. residents.
To account for projected population changes, city-specific population adjustment factors were developed using all-age county-level population projections for 2010, 2050, and 2100 generated by the Integrated Climate and Land Use Scenarios (ICLUS) model (Bierwagen et al. 2010) . 3 The population adjustment factors for 2050 and 2100 are the ratio of the population in the cities in each year divided by the equivalent 2010 population. We multiply each city's 2010 result by its corresponding population adjustment factor to produce the 2050 and 2010 results that account for both climate and population changes. Figure 1 shows Medina-Ramon and Schwartz (2007) found an extremely hot day generally increases daily mortality by roughly three times as much as an extremely cold day (~6 and 2 %, respectively). Online Resource 2 presents the projected number of extremely cold and hot days for 1999-2001 and the corresponding average number of each type of day for the studied cities. Online Resource 3 presents the calculated number of deaths from extremely cold and extremely hot days in each city for the 2000 reporting year using the average number of each type of extreme temperature day (see Section 2.3 for the calculation description). Note that the results of this analysis do not reflect the directly observed meteorological data in each city, but rather the average of IGSM-CAM's projected data for the years 1999-2001. These values provide the baseline we use to calculate future changes in mortality from each type of extreme weather day under different emissions scenarios.
Results
Extreme temperature mortality under present climate
3.2 Extreme temperature mortality under future climates Table 1 presents a summary of the number of extremely hot and cold days in the three time periods for the two emissions scenarios (REF and POL3.7) across the studied cities.
The REF scenario results in Table 1 reflect anticipated warming over the 21st century in the absence of GHG emissions controls. In contrast, under the POL3.7 scenario, the increase in extremely hot days by 2050 is approximately 75 % less than the REF case as a result of the emissions controls. Further, there is little increase in the number of extremely hot days from 2050 to 2100 under the POL3.7 scenario. In contrast, the average number of extremely hot days more than triples over this 50-year period in the REF scenario. For extremely cold days, the warming under both the Policy 3.7 and REF scenarios dramatically reduces the number of cities with identifiable extremely cold days by 2050 (nine cities for the POL3.7 scenario and five for the REF scenario). By 2100, in the REF scenario, only one city has a projected extremely cold day, while in the POL3.7 scenario, eight cities are still projected with extremely cold days. This is consistent with the observed warming stabilization described above for the extremely hot days.
Online Resources 4 and 5 provide detail on the projected number of extremely hot days by city for each emission scenario and each of the 3 years in the 2050 and 2100 reporting period and the associated 3-year average. In particular, these results highlight IGSM-CAM's interannual variability. Table 2 presents the mortality results across the cities for the projected changes in extreme temperature days. The top of Table 2 presents projected changes in mortality from extreme temperature days compared to the year 2000 baseline across all cities for the REF and POL3.7 emissions scenarios holding the population at 2010 levels. The bottom of Table 2 provides these results after applying the ICLUS-based, city-specific population adjustment factors described in Section 2.4. The last of these results, with the population held constant at 2010 levels (top half of Table 2 ), explicitly addresses the question of the net mortality impact of climate change on future extreme temperature days. The reduction in projected deaths from extremely cold days is more than offset by the projected increase in deaths from extremely hot days. This result holds for all reported future years for the POL3.7 and REF scenarios As a result, climate change clearly reflects an increasing health risk from extreme temperatures. Incorporating anticipated population changes (bottom half of Table 2 ) only reinforces this conclusion, as increasingly large populations would be exposed to the projected extreme temperatures. Table 3 consistently shows implementing emissions controls would reduce the future risk of deaths from extremely hot days (i.e., mortality values greater than zero). The indication of a disbenefit with respect to future mortality from extremely cold days reflects the reduced warming associated with the POL3.7 scenario. However, this small disbenefit is overwhelmed by the reduced mortality from extremely hot future days. The net benefit associated with the POL3.7 implementation increases over time and when projected population changes are accounted for. Figure 2 provides an alternative summary of the benefits of implementing the POL3.7 scenario by representing how the mortality rate from projected extremely hot and cold days combined changes over time. In this figure, the increased mortality associated with the REF a Results based on all cities incorporating the warmest original threshold temperature value for both extremely hot and cold days scenario is clearly seen with the increase in size in the representative mortality circles over time. In contrast, the combined mortality rates with the POL3.7 scenario in future years do not show this dramatic increase. Figure 2 shows that most of the dramatic increases in mortality rates from the baseline to the 2050 period within the REF scenario occur in the Central U.S. By 2100 however, in the REF scenario, the southern and East Coast cities will also experience large increases in mortality rates relative to the year 2000 baseline. The results in the first two columns of Tables 2 and 3 explicitly exclude consideration of the possibility of there being an adaptive response over time to extreme temperatures. To reflect potential adaptation over time we also evaluated the impacts of the changing climate over time by adjusting the threshold temperatures in the emissions scenarios as follows:
Benefits of a climate mitigation policy
& Extreme heat days: the threshold temperature value in each city was increased to the highest daily minimum temperature value in the original group of 33 cities (27.2°C in Dallas-equivalent to 81.0°F) Fig. 2 Mortality rate from projected deaths from extremely hot and cold days per 100,000 city residents & Extreme cold days: the threshold temperature value in each city was increased to the highest daily maximum temperature value in the original group of 33 cities (7.2°C from New Orleans-equivalent to 45.0°F) These adjustments, which do not include any change in the original city-specific mortality impact factors, reflect a hybrid of prior adaptation approaches of assuming a uniform, but equivalent increase in threshold temperatures (e.g., Gosling et al. 2009 ) and the use of an analogue city approach (see Kalkstein and Greene 1997; Knowlton et al. 2007 ). This adjustment is also consistent with research that has argued that even with climate change there will still be wintertime mortality from extremely relatively cold days (e.g., Kinney et al. 2012) , This is consistent with a view that it is the relative shock of these days that is most important, not the absolute temperature. Further, this assumption was applied only to the projected climate data for the 3-year period centered around 2100 as this is when the impact of these adjustments is greatest.
The results of this analysis, presented in the third column of Tables 2 and 3 , follow initial expectations. Specifically, with the warmer threshold temperatures the number of deaths from extremely cold days increases as more days in each location satisfy the new criterion. At the same time, the number of deaths attributable to extremely hot days declines as fewer days in the cities satisfy the revised criterion. However, the net result is that, while smaller than the original results, implementing POL3.7 still provides a net benefit considering the combined effects for both types of days. This result further supports the conclusion that warming as a result of projected climate changes will lead to a net increase in mortality risks/mortality.
Discussion
This analysis shows that unmitigated climate change (the REF scenario) produces increasingly greater mortality over time based on impacts from extreme temperatures quantified for 33 cities over the 21st century. The results also highlight the potentially significant and increasing public health benefits that could accrue from implementing a GHG emissions control-based climate change mitigation policy. In considering these results, it is important to remember that the values reported for 2050 and 2100 reflect projections for individual years and the subset of the national population living in these cities. In other words, the total benefits over the whole country over time from implementing GHG emissions controls such as those in the POL3.7 scenario would likely be much larger.
There are two reasons why the results demonstrate that the potential reductions in deaths from changes in extremely cold days are likely to be overwhelmed by increases in deaths from extremely hot days. The first is presented in Fig. 1 , where the percent increase in daily mortality from an extremely hot day is much larger in every studied city than the equivalent increase from an extremely cold day. As a result, even if climate change were to result in a decrease in the number of extremely cold days equal to the increase in the number of extremely hot days, there would still be a net mortality increase. The second reason is that, at least in these 33 cities, the potential increase in extremely hot days with climate change far exceeds the potential reduction in extremely cold days, as the latter is bounded by zero. This study specifically addresses mortality associated with extremely hot and cold days. By isolating the effect of single days of extreme cold temperatures the study results should not be affected by confounding factors related to generally higher wintertime mortality rates such as increased respiratory infections and cardiovascular disease (Medina-Ramon and Schwartz 2007; Mercer 2003) . Several recent literature reviews suggest that the factors leading to these higher wintertime mortality rates are unlikely to be sensitive to climate warming (Ebi and Mills 2013; Kinney et al. 2012) , and therefore the changes in cold mortality identified by this study are likely to compose the majority of the changes in winter-time deaths resulting from warming.
Our results also provide for a measure of comparison with other estimates of the health impacts of extreme weather. For example, we estimate roughly 550 deaths from extremely hot days in the baseline period for the 33 cities (Online Resource 3) compared to the 1,540 average summertime extreme heat event deaths estimated in 40 cities in the synoptic approach of Greene et al. (2011) . While the population considered in Greene et al. was only 38 million compared to 101 million in this study, it is still difficult to make definitive statements about the differences between the results because of the difference between the synoptic and temperature threshold methodologies. Greene et al. (2011) also calculated mortality from extreme heat in future years and found an increase of roughly 1,800 deaths by 2050 and roughly 4,200 additional deaths by 2100. These estimates can also be compared to an increase in all-cause or non-accidental heat-related national mortality by 2050 from Voorhees et al. (2011) of roughly 5,000 deaths, using a similar relative risk function approach but at a national rather than city-specific scale; sensitivity analyses using response results from other studies expanded this range to up to 27,000 deaths.
The general sign and magnitude of these results remained largely the same in our sensitivity analysis which incorporated a strong adaptation assumption. Specifically, as we incorporated the warmest observed temperature thresholds for calculating extreme cold and extremely hot days, we continued to find the projected mortality increases from extremely hot days overwhelming potential reductions in the number of deaths attributable to extremely cold days.
However, our methods and results still carry a number of important caveats. First, the current study design is based solely on changes in the number of extreme temperature days during the summer (May to September) and winter (November to March) seasons. Therefore, the current mortality response functions are incapable of accounting for the extent to which a threshold temperature is exceeded, or for days that exceed the heat threshold outside the defined seasons of interest. While Medina-Ramon and Schwartz (2007) generally account for this in producing average response values based on multiple years of data, this becomes more of an issue in the current application where past temperature distributions may be less reflective of anticipated future conditions. In particular, there are questions about how populations may respond to increasing numbers of days with temperatures that are beyond their current experience. In addition, other studies have shown that mortality can be sensitive to timing. Using a Bayesian approach, some studies have determined that for extreme heat events, the length and intensity of the event increased mortality risk, and that mortality risk was higher during the first heat wave of the season (e.g., Anderson and Bell 2011) . Meanwhile, Zanobetti et al. (2012) found that the elderly may be more vulnerable to summertime temperature variability than absolute temperature. Second, our mortality impact factors are currently based on results from an epidemiological study that did not differentiate the mortality impact of these extreme temperature days based on the age of the deceased. Because older individuals have long been recognized as being at elevated risk during extreme temperature events, the lack of age-based mortality impact factors may result in an undercount of potential future impacts given the anticipated rapid growth of the older segments of the U.S. population in the 21st century.
Third, while this study provides a first step for investigating the potential impact of adaptation on future mortality by providing results both for a no-adaptation and an analogue city approach, it would be difficult to more precisely estimate the effect, nature, and cost of these adaptations. Natural acclimatization (Kinney et al. 2008 ) and autonomous changes in behavior and infrastructure (Sheridan et al. 2012 and Davis et al. 2002) can take place without central planning. Planned adaptation may also play a role: considerable effort has already been committed at both local and federal levels to developing and implementing extreme temperature response programs, especially for extreme heat (U. S. EPA 2006; CDC 2009 CDC , 2011 . Fourth, our results do not account for the potential impact or extent of any mortality displacement (i.e., "harvesting"). The underlying Medina-Ramon and Schwartz (2007) study found no evidence of harvesting from extreme temperatures, in contrast to less extreme but still elevated temperatures, at a lag time of 1 day, but did not assess harvesting at longer lag times (see discussion on page 831-832 in their study). However recognizing the importance of this topic, Online Resource 6 provides additional discussion of harvesting in general and the potential for and potential magnitude of the impact of harvesting in our results, surveying studies which found harvesting effects between 10 and 72 % depending on the mortality event.
It must also be recognized that our results come from one scenario and one model using results from a limited set of years, applying mortality estimates from a single paper. Other climate models, and potentially different specifications of these scenarios within the IGSM-CAM model, could project different distributions of future extreme temperature days and thus would generate results that would be different in their specific details if perhaps not in their general conclusions. 
Conclusions
Continued warming over this century is anticipated to increase deaths from extremely hot and cold days combined. This result holds across the scenarios we evaluated and the analog city-based sensitivity analysis. As a result, we find that a policy to reduce future GHG emissions could reduce the increase in the combined mortality from these extreme temperature days.
These results provide an important example of how climate change may affect human health. Similar quantitative results for a baseline and policy implementation scenario could potentially be developed for other climate-sensitive health stressors, such as particulate air pollution and ozone, where epidemiological studies can define how the incidence of a specific health outcome is expected to change in a population in response to changing exposures. However, while a wide range of health stressors (e.g., waterborne pathogens, aeroallergens) and disease categories (e.g., vectorborne) are found to be sensitive to climate change (Ebi et al. 2008) , there are limited quantitative estimates of the magnitude of such outcomes. As research addresses these gaps, a clearer picture of the potential overall health impacts of climate change and climate mitigation policies is likely to emerge.
